Background and Purpose-The hemodynamic factors of aneurysms were recently evaluated using computational fluid dynamics in a static vessel model in an effort to understand the mechanisms of initiation and rupture of aneurysms. However, few reports have evaluated the dynamic wall motion of aneurysms due to the cardiac cycle. The objective of this study was to quantify cardiac cycle-related volume changes in aneurysms using 4-dimensional CT angiography. Methods-Four-dimensional CT angiography was performed in 18 patients. Image data of 1 cardiac cycle were divided into 10 phases and the volume of the aneurysm was then quantified in each phase. These data were also compared with intracranial vessels of normal appearance. Results-The observed cardiac cycle-related volume changes were in good agreement with the sizes of the aneurysms and normal vessels. The cardiac cycle-related volume changes of the intracranial aneurysms and intracranial normal arteries were 5.40%Ϯ4.17% and 4.20Ϯ2.04%, respectively, but these did not differ statistically (Pϭ0.12). Conclusions-We successfully quantified the volume change in intracranial aneurysms and intracranial normal arteries in human subjects. The data may indicate that cardiac cycle-related volume changes do not differ between unruptured aneurysms and normal intracranial arteries, suggesting that the global integrity of an unruptured aneurysmal wall is not different from that of normal intracranial arteries. (Stroke. 2012;43:61-66.)
I
ncidental discovery of unruptured cerebral aneurysms is now common, partially due to the prevalence of MR angiography for screening intracranial abnormalities in daily clinical settings. The rate of rupture of these aneurysms is reported to be 0.3% to 4.0% per year [1] [2] [3] [4] [5] [6] [7] and appropriate management is required. Risk assessment of future rupture leading to subarachnoid hemorrhage is important in the decision to intervene with these unruptured aneurysms. To date, the reported risk factors for rupture of cerebral aneurysms are size, location, hypertension, and history of smoking. 5, [7] [8] [9] To further evaluate the risks and theoretical foundations of rupture of unruptured aneurysms, the hemodynamic factors of aneurysms were recently evaluated in detail using computational fluid dynamics and electrocardiographic gated CT angiography. In addition, studies have also examined the use of 4-dimensional CT angiography (4DCTA) to detect aneurysm blebs to predict the rupture point. 10 -12 However, most previous reports have focused only on the static morphological characteristics of the aneurysm, and few have attempted to evaluate the dynamic shape or volume changes of an aneurysm caused by arterial pulsed pressure caused by the heartbeat. The aneurysm is stretched in each cardiac cycle, and understanding the magnitude of this change is thus crucial to understand the hemodynamics involved in cerebral aneurysms. Thus, we quantified the volume changes caused by the cardiac cycle in unruptured cerebral aneurysms using 320 multidetector 4DCTA.
Materials and Methods

Clinical Materials
Twenty-two unruptured cerebral aneurysms from 18 patients were analyzed by 4DCTA as preoperative assessment. Five aneurysms were located at the internal carotid artery, 8 at the middle cerebral artery, 3 at the anterior communicating artery, 5 at the anterior cerebral artery, and 1 at the basilar artery. The local ethics committee approved the use of the clinical data for research and waived the requirement for written informed consent from patients. Detailed patient data are listed in Table 1 .
4DCTA Acquisition
Electrocardiography-triggered CT angiography was performed on a 320-detector CT system (Aquilion ONE; Toshiba, Nasu, Japan) using the following parameters: 120-kV tube voltage, 270-mA tube current, 350-ms gantry rotation time, 140-mm range, and 1 heartbeat. Contrast medium (Optiray 320 mgI/mL; Coviden Japan, Tokyo, Japan) was injected at a 5-mL/s infusion rate. After the test injection with 15 mL of contrast medium, the actual scanning was started at the appropriate time according to the test injection. For the actual scanning, 50 mL of contrast medium was used. Images for this study were reconstructed using a kernel optimized for intracranial vessel imaging (window center, each 10% of the R-R interval; image matrix, 512ϫ512; pixel interval 0.25 mm or 0.5 mm). Thus, 10 CT volume data sets were created for each patient. All of the CT data sets were transferred to an offline workstation and further analyzed by an in-house program developed using Matlab (MathWorks, Natick, MA) as detailed subsequently ( Figure 1A ).
Analysis of Cardiac Cycle-Related Volume Changes in Cerebral Aneurysms and Normal Cerebral Vessels
First, the cerebral arteries were identified in the raw CT data by adjusting the window and level values from 110 to 890. For deletion of brain tissues and most of the bone structures at the same time as retaining the signals from the contrast medium, window and level values Ͻ110 and Ͼ890 were substituted for 0. Next, a value of 1 was substituted for the voxels with vessels or bones, and 0 was substituted for those without. As a result, the original row CT data of each phase was converted into a 512ϫ512ϫ640 or 512ϫ512ϫ570 matrix ( Figure 1B) . Next, to evaluate the volume change in an aneurysm caused by the heartbeat, the dome of the aneurysm, not including the parent artery, was selected as 3-dimensional voxels of interest ( Figures 1C and 2A) . The volume of the aneurysm was then estimated in each phase of the cardiac cycle. At the same time, the volumes of normal cerebral arteries were estimated using the same technique for comparison to the aneurysms at the following locations: bifurcation of the middle cerebral artery, the tip of the internal carotid artery, and the tip of the basilar artery. As shown in Figure  1C , the terminal areas of internal carotid artery, middle cerebral artery, and basilar artery, not including the parent artery and vessel trunks, were selected as voxels of interest. Vessels affected by the aneurysm were excluded from analysis. The presented data were obtained by voxel of interest placed by a single operator (J.K.). Interobserver variation was confirmed by analyzing randomly selected 5 aneurysms and 15 normal vessels by an independent operator (M.K.). Interobserver discrepancy was measured to be 11.9Ϯ17.6 mm 3 in aneurysm and 1.54Ϯ3.9 mm 3 in normal vessels, which was considered acceptable for further analysis.
Artifact Measurement
Because a rotating x-ray beam can induce artifacts that may impact volume measurement, 13, 14 we measured the volume change in a syringe filled with normal saline as a phantom under the same conditions. We observed a 0.248% volume change during the time equivalent to 1 cardiac cycle (1 second). Therefore, a volume change of Ͻ0.248% was considered to indicate an insignificant artifact.
Statistical Analysis
Statistical analysis was performed using Student t test and JMP software (SAS, Cary, NC). One-way analysis of variance was used for 3-group comparison. PϽ0.05 was considered statistically significant.
Results
The results are summarized in Table 2 . The volume changes in an aneurysm and a normal cerebral artery at each phase during 1 cardiac cycle are shown in Figure 2B . Both cases showed waveforms containing 2 peaks resembling an arterial pulse wave. 15 To quantify the volume change during 1 cardiac cycle, the following parameters were defined. Expansion volume (Ex. volume) was defined as the difference between the maximum and minimum volume of the aneurysm or arterial vessel within the voxel of interest during 1 cardiac cycle. Expansion rate (Ex. rate) was defined as Ex. volume divided by minimum volume, indicating the magnitude of expansion of the aneurysm or the normal arterial vessel.
First we investigated volume changes in normal intracranial arteries due to the cardiac cycle. The minimum volume at each arterial location did not differ ( Figure 3A) . Moreover, the Ex. rates did not differ significantly between different locations for normal arterial vessels ( Figure 3B ), confirming our previous findings. 16 Next, unruptured cerebral aneurysms were analyzed. The Ex. volume of an aneurysm and normal arterial vessel were plotted as a function of minimum volume in Figure 4A , which shows that Ex. volume is in good agreement with the volume of both the aneurysm and the normal arterial vessel itself (Rϭ0.89 and 0.41, respectively). Bifurcation aneurysms, dilating coaxially against the blood flow of parent arteries, were 13, and side-wall aneurysms, dilating parallel to the blood flow of parent arteries, were 9 among 22 aneurysms. Ex. volume of bifurcation aneurysms and side-wall aneu- rysms were 30.5Ϯ75.2 mm 3 and 24.0Ϯ18.6 mm 3 , respectively. There was no significant difference between these 2 groups (Pϭ0.81). Ex. rate of bifurcation aneurysms and side-wall aneurysms were 5.6%Ϯ3.7% and 5.1%Ϯ4.5%, respectively, and also not significantly different (Pϭ0.76).
An attempt was made to numerically compare the extent of expansion between aneurysms and normal arterial vessels. As shown in Table 2 , Ex. volume of aneurysms and normal vessels were 27.87Ϯ60.53 mm 3 and 3.10Ϯ1.81 mm 3 , respectively. It was significantly different between aneurysms and normal arterial vessels (Pϭ0.003). However, the mean Ex. rates of aneurysms and normal arteries were 5.40%Ϯ4.07% and 4.20%Ϯ2.51%, respectively, and were not significantly different (Pϭ0.12; Table 2; Figure 4B ). Overall, these results indicate that cardiac cycle-related volume changes do not differ between unruptured aneurysms and normal intracranial arteries.
Discussion
Elucidating the mechanism(s) involved in the initiation, enlargement, and rupture of cerebral aneurysms is crucial for understanding the nature of unruptured cerebral aneurysms. Although the rupture rate of unruptured cerebral aneurysms is reported to be quite low, [1] [2] [3] [4] [5] [6] [7] rupture results in subarachnoid hemorrhage with potentially devastating consequences. In addition to etiologic surveys, 2,7-9,17 computational simulation of the flow at and around an aneurysm has generated extensive interest as a means to discovering the underlying hemodynamic mechanism(s) that cause physical stress to the aneurysmal wall, possibly resulting in aneurysmal rupture. 18 -20 Moreover, several studies have evaluated the extent of wall motion of cerebral aneurysms and normal arteries as related to the cardiac cycle. 10 -12,14,16,21-23 After the development of 4DCTA, some studies have performed radiological visualization of the cardiac cycle-related wall motion of aneurysmal walls using 4DCTA. 10 -12,14,16,22,23 However, in most of these studies, no quantification of the motion was performed. We previously reported for the first time that quantification of cardiac cycle-related vessel volume change and vessel motion is indeed possible using 4DCTA, 16 a finding confirmed by others. 14 In the present report, we attempted to quantify cardiac cycle-related volume change in normal intracranial arteries and unruptured aneurysms.
Because volume change directly correlates with the extent of wall motion of the object of interest, we speculated that the cardiac cycle-related volume change assessment would approximate the wall motion assessment. As shown in Figure  4B , we did not observe a difference in cardiac cycle-related volume changes rates between unruptured cerebral aneurysms and normal intracranial arteries. On the other hand, Oubel et al reported that the extent of wall motion of ruptured aneurysms has a higher value than that of unruptured aneu- rysms, an estimation made using digital subtraction angiography. 22 However, the values used for comparison in their report did not take into consideration the volume of the aneurysm itself. As can be seen in Figure 4A , the volume of both the aneurysm and normal arterial vessel strictly governs the amount of cardiac cycle-related volume change. This observation suggests the need to compensate the cardiac cycle-related volume change or wall motion by the actual volume of the object of interest. The observed slight difference in the correlation of the volume and the amount of cardiac cycle-related volume change between normal vessels and aneurysm should be mentioned ( Figure 4A ). One possible explanation could be that large aneurysms were compressed by the surrounding tissue such as the brain, leading to a relatively smaller amount of cardiac cycle-related volume change considering its minimum volume.
It should also be noted that this is the first study attempting to accurately quantify cardiac cycle-related volume changes in cerebral aneurysms or normal cerebral arteries. Meyers et al previously reported the quantification of aneurysm volume changes with phase-contrast MR angiography. 21 In their report, the ruptured and unruptured intracranial aneurysms demonstrated a 51%Ϯ10% and 17.6%Ϯ8.9% increase in volume during 1 cardiac cycle, which is markedly different from the present result (5.40%Ϯ4.07%). One of the major reasons for this difference is that they estimated the volume of the aneurysm using 2-dimensional images assuming a spherical shape for the aneurysm, although an aneurysm has an irregular shape in situ. Another reason for the discrepancy between the 2 findings is the different modalities used in the 2 studies. In phase-contrast MR angiography, the complex pulsatile flow into the aneurysm causes absence of signal, possibly resulting in overestimation.
Our investigation failing to find a difference in cardiac cycle-related volume changes between aneurysms and normal arterial vessels may suggest that the global integrity of the aneurysmal wall is not different from that of normal vessels. If aneurysmal walls are compromised by stretching forces, then the expansion rate would be larger than that of normal vessels. However, the presented analysis was unable to reflect microlevel wall motion differences, and thus visualization or quantification of aneurysmal wall motion at a more detailed level is required to identify locations at risk of future aneurysmal rupture. For instance, it is necessary to conduct long-term follow-ups for those aneurysms presenting a high Ex. rate in Figure 4B to elucidate if high Ex. rate would indicate high risk for future rupture. Moreover, further analysis of ruptured aneurysms is required to examine the comprehensiveness of our findings. Finally, incorporation of the cardiac cycle-related volume changes in aneurysms into computational fluid dynamics is necessary to understand the impact of cardiac cycle-related wall motion in the physics of the fluid dynamics of aneurysms. 
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